Asparagine-linked glycans (N-glycans) are attached onto nascent glycoproteins in the endoplasmic reticulum (ER) and subsequently processed by a set of processing enzymes in the ER and Golgi apparatus. Accumulating evidence has shown that not all N-glycans on glycoproteins are uniformly processed into mature forms (hybrid and complex types in mammals) through the ER and Golgi apparatus, and a certain set of glycans remains unprocessed as an "immature" form (high-mannose type in mammals). Much attention has been paid to environmental factors regulating N-glycoprotein maturation, such as the expression levels of glycosyltransferases/glycosidases. On the other hand, the influence of the 3D structure of the carrier glycoprotein on N-glycan maturation has been investigated mostly using individual model glycoproteins. To obtain more insights into N-glycoprotein maturation, we herein analyze glycoprotein structures extracted from the Protein Data Bank. We confirm that site-specific N-glycan processing is largely explained by the solvent accessibility of the glycosylated Asn residue and of the conjugated N-glycan. Potential bias of protein structural features toward immature or mature forms was explored within a range of concentric circles of fully folded glycoproteins. There does appear to be bias in amino acid composition and secondary structure. Most notably, γ-branched amino acid residues (Asn+Asp+Leu) occur more frequently on unstructured loop regions of immature glycoproteins. Structural features of the protein surface around the N-glycosylated site do seem to affect N-glycan processing and maturation.
Introduction N-glycosylation is one of the most common co-and post-translational modifications in eukaryotes. The dolichol-linked oligosaccharide precursor is transferred en bloc to the Asn-X-Ser/Thr sequon (X = any amino acid except Pro) within a nascent polypeptide by oligosaccharyltransferase (Silberstein and Gilmore 1996; Parodi 2000; Helenius and Aebi 2004; Aebi et al. 2010) . N-glycans on proteins are subsequently processed by a series of glycosidases and glycosyltransferases in the endoplasmic reticulum (ER) and Golgi apparatus (Moremen et al. 1994; Haltiwanger and Lowe 2004) . In mammals, there may be conversion of the Glc 3 Man 9 GlcNAc 2 structure into Man 5 GlcNAc 2 by a set of exoglycosidases depending on a range of factors ( Figure 1A ). During this early glycan-processing step in the ER, protein folding proceeds and molecular chaperones calreticulin/calnexin assist with glycoprotein folding in an N-glycan structure-dependent manner. Then, N-acetylglucosaminyltransferase I (GnT-I) attaches N-acetylglucosamine (GlcNAc) onto the α1-3 branch to initiate maturation of N-glycans on proteins from high-mannose type into complex type (Tams et al. 1999; Strasser et al. 2004; Taylor et al. 2004; Aebi et al. 2010) . N-glycoprotein processing in higher plants is similar to that occurring in mammals in the initial steps; however, the later processing steps are different ( Figure  1B ). The addition of xylose onto the core mannose residue is often observed in plant N-glycoproteins. In insects, N-glycoproteins are trimmed to carry a Man 3 GlcNAc 2 structure. Since the subsequent addition of GlcNAc residues by GnT is frequently followed by the removal of these residues by β-N-acetylhexosaminidase, the fully processed glycan in insect N-glycoproteins is often converted into a Man 3 GlcNAc 2 structure ( Figure 1C ). Recent studies show that a paucimannose structure is also found in mammals (Loke et al. , 2017 Thaysen-Andersen et al. 2015) . In the budding yeast, Saccharomyces cerevisiae, N-glycans on proteins are fully processed to mannose-rich structures ( Figure 1D ). Although fully processed forms of N-glycan depend on the expression species, the initial trimming process in the ER is mostly conserved from fungi to mammals.
The result of normal efficient processing of N-glycans on proteins is a "mature" form (i.e., complex-type structure in the case of mammals). However, variable N-glycan structures occur, which give rise to microheterogeneity. Secreted and membrane proteins may still harbor high-mannose-type glycans (Shen et al. 2008; Nishimasu et al. 2011 )-half of the N-glycans from membrane proteins is of this type (Naka et al. 2006) . Importantly, N-glycans are processed in a site-specific manner during biosynthesis (Nwosu et al. 2011; Kolarich et al. 2012; Huang et al. 2015; Cao et al. 2017 ) Sitespecific N-glycan modifications have been reported for many glycoproteins such as influenza A virus neuraminidase (Varghese and Colman 1991) , legume lectins PHA-L (Bardor et al. 1999) , PHA-E (Nagae, Soga et al. 2014 ) and human transferrin in cerebrospinal fluid . This strongly suggests that, in addition to environmental factors (e.g., expression level of glycosidases/glycosyltransferases), intrinsic structural factor(s) on or within the carrier protein also influences glycan processing and maturation (Rudd and Dwek 1997) . Several site-specific immature N-glycans are located within the protein, at a position inaccessible from the outside (Ryu et al. 2009; Sparrow et al. 2008 ). Lee et al. Fig. 1 . Schematic representation of N-glycan-processing pathways in mammals (Homo sapiens) (A), plant (Arabidopsis thaliana) (B), insect (Drosophila melanogaster) (C) and fungi (Saccharomyces cerevisiae) (D). The definition of immature and mature glycans applied in this study is indicated for each panel. The names of the enzymes follow the nomenclature of KEGG database (http://www.genome.jp/kegg/). Monosaccharide symbols follow the SNFG (Symbol Nomenclature for Glycans) system (Varki et al. 2015) .
reported that subcellular-specific N-glycosylation is explained by differential solvent accessibility of N-glycosylation sites (Lee et al. 2014 ). Khatri et al. performed structural modeling and molecular dynamics simulations of influenza virus B hemagglutinin and they found that the presence of immature glycans at a particular site correlated with reduced accessibility to glycan-remodeling enzymes (Khatri et al. 2016) . Recently, Hang et al. showed that site-specific processing of N-glycans on the model protein Pdi1p is dependent on protein structure and the Golgi processing machinery (Hang et al. 2015) . Local structural features around each N-glycosylation site appear to affect the access of glycosidases and glycosyltransferases, thus leading to site-specific N-glycan maturation. Since site-specific glycosylation often has a direct bearing on biological function of carrier glycoproteins (Sumer-Bayraktar et al. 2011) , it is of vital importance to understand the mechanisms underlying sitespecificity.
Comprehensive structural analyses on glycans and the carrier glycoproteins have been performed based on data from mass spectrometry, X-ray crystallography, NMR spectroscopy and theoretical calculations (Wormald and Dwek 1999; Wormald et al. 2002; Lütteke 2009; Thaysen-Andersen and Packer 2014) . Petrescu et al. statistically investigated the structural environment around N-glycosylation sites, including geometry, composition of amino acids and secondary structures, in relation to N-glycosylation efficiency (Petrescu et al. 2004 ). Importantly, comparative analyses using the site-specific glycoproteomics data revealed that the degree of processing of N-glycans is influenced by the accessibility of Asn residues in the protein structure (Petrescu et al. 2004; Thaysen-Andersen and Packer 2012) . Furthermore, the degree of core fucosylation and branching is strongly influenced by the glycosylation site accessibility, and the subcellular location of the glycoproteins influenced the formation of the N-glycan structures.
Several crystal structures of glycoproteins indicate extensive interaction of immature N-glycans with carrier proteins such as Antheraea permyi arylphorin (Ryu et al. 2009 ) and Trichoderma reesei β-galactosidase (Maksimainen et al. 2011 ). The glucose residues at the nonreducing end (at least 20 Å from the modified Asn residue) often exhibit extensive interactions with the protein surface (Nagae and Yamaguchi, 2012 ). Hydrogen-deuterium (H-D) exchange experiments on bovine ribonuclease demonstrate that the N-glycan can affect the H-D exchange rate of amino acid residues located 30 Å apart from the N-glycosylated Asn (Joao et al. 1992) . Intramolecular interaction between N-glycan and the carrier protein surface may modulate the structure and conformational fluctuation of both carrier protein and
We here analyze the local structural properties of N-glycosylation sites and examine the characteristics of surface amino acid residues using the 3D structural data deposited in the Protein Data Bank (PDB) in order to gain insight into how the protein structure around the N-glycosylation site and intramolecular glycan-protein interactions may influence glycan processing and maturation.
Results and discussion

Extraction of immature and mature glycoprotein data from PDB
To analyze the 3D structure of glycosylated proteins, first we extracted crystal structures of glycoproteins from the PDB satisfying the criterion that the protein harbors at least one covalently-linked N-glycan (Figure 2 ). The data set was constructed according to the following four steps, i.e., extraction of structural information on covalently attached N-glycans from the PDB file (step 1), clustering of glycosylated proteins based on amino acid sequence similarity (step 2), removal of data based on recombinant glycoproteins produced under artificial glycoform control (step 3) and selection of a representative N-glycan (N-glycosylation site) for each protein cluster (step 4).
Step 1: during data processing, we found significant errors in the LINK records relating to connectivity (e.g., between sugar residues) as pointed out previously (Lütteke and von der Lieth 2004) . We, therefore, identified each glycosidic linkage by calculating the distances between the sugar residues (see Materials and methods for details). At this step, 300 glycoproteins (480 N-glycans) tagged with related information (PDB ID, protein name, modification site, etc.) were successfully extracted from the PDB.
Step 2: To establish a nonredundant data set, carrier glycoproteins were divided into 59 glycoprotein families by the BLASTCLUST program using the criterion of 30% amino acid sequence identity. Sequence alignments were then performed for each protein family using ClustalW, and the aligned glycosylation sites were defined as glycan clusters for the purpose of this study. Here, the data set was divided into 94 glycan clusters.
Step 3: We found that certain data sets contained glycan structures which were artificially controlled for crystallization; e.g., producing Man 5 GlcNAc 2 structure using GnT-I knockout cells or endoglycosidase digestion coupled with kifunensine treatment (Stanley 1989; Reeves et al. 2002; Hong and Stanley 2003; Chang et al. 2007) . Such data are not suitable for this analysis and we omitted them. At this step, the data set contained 52 glycoprotein clusters (79 glycan clusters).
Step 4: A representative N-glycan was selected within each glycan cluster based on the glycan chain length and resolution of the X-ray diffraction data. The glycan type was classified based on the N-glycan structure and the expression system used. We defined unprocessed N-glycan as immature glycan and processed N-glycan as mature glycan throughout this manuscript ( Figure 1A-D) . We classified the 3D structures of glycoproteins by species (mammals, plants, insects and fungi) and defined their maturity according to the kingdom they were expressed. Then the data were integrated and analyzed in terms of their maturity. One representative N-glycan was selected from each glycan cluster, and finally nonredundant and nonbiased data sets were listed, composed of 36 immature glycans and 44 mature glycans on as many glycosylation sites from 52 glycoproteins (Supplementary data, Table SI ).
Accessibility of glycosylated Asn
It has been reported that solvent accessibility of glycosylated Asn residues may be a good measure of the accessibility of the glycanprocessing enzymes and can be an indicator of the extent of N-glycan maturation (Thaysen-Andersen and Packer 2012). We examined the accessible surface area (ASA) around N-glycosylation sites by using a spherical probe rolling on the protein surface. The conjugated N-glycans were removed prior to the analysis and the radius of the probe was changed depending on the size of the accessing molecule it was mimicking; for water molecules, the radius was fixed at 1.4 Å, while a larger radius (3.0-7.0 Å) was used to reflect the accessibility of larger molecules, i.e., glycan-processing enzymes. We found that the ASAs of Asn modified with immature glycans are significantly lower than those of mature glycans for any radius of probe examined (p < 0.05) ( Figure  3A ). However, while there are several examples of solvent-exposed Asn residues modified with mature glycan (e.g., furin precursor, ASA = 262 Å 2 , Figure 3B ) and buried Asn residues modified with immature glycan (e.g., β-mannosidase, ASA = 44 Å 2 , Figure 3C ), there are also examples of inconsistency, where buried Asn residues are modified with mature glycans (e.g., lysosome membrane protein 2, ASA = 3 Å 2 , Figure 3D ) and exposed Asn residues modified with immature glycans (e.g., glucan 1,3-β-glucosidase VII, ASA = 178 Å 2 , Figure 3E ). Evidently other factors besides accessibility of a glycosylated Asn residue can come into play.
Extraction and division of N-glycosylated protein surface N-glycans can potentially interact with the protein surface around the N-glycosylation site (Joao et al. 1992) . For example, the replacement of single amino acid residues around an N-glycan at Asn297 of the immunoglobulin Fc region influences the primary structure of the attached N-glycans (Lund et al. 1996; Isoda et al. 2015) . It is possible that the area surrounding the N-glycosylation site regulates glycan processing via intramolecular glycan-protein interactions. In order to examine this, we first performed the ASA analysis of N-glycans conjugated with protein. To compare the ASA of each sugar residue between mature and immature glycans, we defined a common layer for both N-glycan types ( Figure 4A ). The ASA of each sugar residue was plotted against the distance between the sugar residue and the N-glycosylated site. For both immature and mature glycans, the ASA of a sugar residue increased as the layer increased. There is a weak tendency for immature glycans to have less ASA than mature glycans, especially over all layers. This implies that immature glycans tend to reside closer to the protein surface than mature glycans. To compare different sugar types between mature and immature glycans, relative ASA (rASA) was introduced and calculated using the ASA without the coordinate of polypeptide. Here, rASA is defined as ASA (with polypeptide)/ASA (without polypeptide) × 100 [%] . Similar to Figure 4B , rASA of each sugar residue was plotted against the distance between the sugar residue and the N-glycosylated site. The normalization of ASA makes it possible to directly compare the accessibility of immature and mature glycans. The result of comparison between the two is shown for each glycan layer in Figure 4D . Interestingly, immature glycans showed significantly lower rASA values at layer 2 (p = 4.4 × 10 −3
) and layer 3 (p = 2.3 × 10 −2 ). This suggests that the accessibility of the N-glycan core is also an indicator of N-glycan maturation. It should be pointed out that the glycan in the crystal often interacts with the adjacent protein molecule(s) and the conformation of the glycan may be influenced by such crystal contacts. Therefore, the data need to be interpreted with caution. Then we developed a method to extract the protein surface area adjacent to the N-glycans (Figure 5) . The ASAs of all protein atoms in the PDB files were calculated and exposed atoms were selected whose ASA is >0 Å 2 . By totaling up the ASAs of exposed atoms adjacent to the N-glycosylation site, we compiled a database of the pertinent area correlated to specific atoms and structures ( Figure  5A ). Since the calculated ASAs were not significantly affected by the size of probe (data not shown), we hereafter show only the results obtained using a 1.4-Å-radius probe. As an example, we can focus on the 3D structure of Trichoderma reesei β-galactosidase modified with a Glc 2 Man 9 GlcNAc 2 structure ( Figure 5B ). Here, a 5,000-Å 2 surface area covers the potential contact area of the whole glycan if it is swung in a circle, while a 1,500-Å 2 surface area roughly covers the putative interaction sites of the core part of the N-glycan, Man 3 GlcNAc 2 and 500 Å 2 limits the area to sites that could interact with the chitobiose part (GlcNAc 2 ). Thus, concentric circle-like areas of decreasing radii around the N-glycan were identified, which could be further analyzed. Alternatively, we constructed the concentric circles based on different radii (10, 20 and 30 Å) from the N-glycosylation site. Basically, the distances 10, 20 and 30 Å correspond to the concentric circle areas of 500, 1500 and 5000 Å, respectively (Supplementary data, Figures S1-S3) . The results using different radii (Supplementary data, Figures S1-S3) were compared with those obtained from summed ASA scores below (Figures 6-8 ).
Comparative analysis of N-glycosylated protein surfaces
We first analyzed the occurrence of secondary structures (α-helix, β-strand and others) in each of the concentric circles of surface area. The frequencies of α-helices and β-strands were very similar in each area for immature and mature glycan data sets ( Figure 6A , left and center, respectively). The unstructured regions which were not categorized into either α-helix or β-strand were defined as "loop", and here we found that at each surface area examined, the occurrence of a loop region was significantly higher in immature compared with mature glycan data sets (p < 0.05) ( Figure 6A, right) . This implies that unstructured loop regions preferentially interact with glycans and inhibit processing and maturation. The frequency of each amino acid before and behind N-glycosylation sites has been analyzed previously (Petrescu et al. 2004 ; ThaysenAndersen and Packer 2012). Here, our approach was to analyze the frequency (occupancy) of each amino acid using the extracted N-glycosylated protein surface. In our calculated frequencies of each amino acid (%), solvent-exposed Asn is more frequently found around immature glycan than around mature glycan in all surface areas (p < 0.05) ( Figure 6B ). Further, solvent-exposed Ile and Tyr residues were more frequently found around immature glycan than mature glycan when total surface area is 500 Å 2 (Ile, p < 0.005) and 3,000 Å 2 (Tyr, p < 0.05).
To assess whether certain amino acid residue types are enriched/ biased around the mature/immature N-glycosylation site, we grouped amino acid residues into four types (negatively charged, positively charged, hydrophobic and hydrophilic) ( Figure 6C ). Hydrophilic residues are relatively more prevalent in immature glycoproteins compared with mature ones (p < 0.05) when total surface area is 5,000 Å 2 and also with the whole protein.
Overall, it appears that there are biased amino acid frequencies, but there are no strong correlations in terms of amino acid residue types, such as hydrophilicity/hydrophobicity or positive/negative charges of the side chains. In addition, we performed these analyses by constructing concentric circles based on different radii (10, 20, 30 Å) from the N-glycosylation site with the whole protein as a control. The results using different radii (Supplementary data, Figures S1-S3) were compared with those obtained from summed ASA scores (Figures 6-8) . Overall, both methods showed similar tendencies and hereafter we mainly describe the results using the summed ASA scores. . Glycosylated Asn was omitted from the calculation. (C) Occurrence frequency of negative, positive, hydrophobic and hydrophilic amino acid residues. The result was obtained by grouping the data shown in (B). In (A)-(C), the results are shown using the box plot as shown in Figure 4D , and nonparametric Wilcoxon rank sum test was used to compare the immature and mature glycan data sets. Asterisks represent statistical difference (*; p < 0.05, **; p < 0.005, ***; p < 0.0005) and no asterisk indicates lack of statistical difference (P > 0.05).
Analysis of structural features of amino acids
We then investigated structural characteristics of the amino acid side chains, such as length or branching for modulation of intramolecular N-glycan-polypeptide interactions and hence N-glycan processing and maturation. We classified 20 amino acid residues into six groups with redundancy: (i) short side chain group (Ala+Asn+Asp+Cys+Ile+ Leu+Ser+Thr+Val), (ii) long side chain group (Arg+Glu+Gln+Lys+ Met), (iii) unbranched side chain group (Ala+Cys+Lys+Met+Ser), (iv) branched side chain group (Arg+Asn+Asp+Gln+Glu+Ile+Leu+ Thr+Val), (v) aromatic side chain group (His+Phe+Tyr+Trp) and (vi) the others (Pro+Gly+main chain atoms). Here, the branching of side chain is defined as two nonhydrogen atoms (oxygen, nitrogen and carbon) attaching to the same carbon atom of the side chain. The occurrence of each group was analyzed and compared between immature and mature glycans at surface areas (Å 2 ) of 500, 1,500, 3,000, 5,000 and the whole protein ( Figure 7A ). The results show that amino acid residues with short side chains are more prevalent around immature glycans compared with those around mature glycans, and reciprocally those with long side chains appear more often in the areas around mature glycans. The occurrence of these six groups in each secondary structure was also analyzed ( Figure 7B ). Short-and branched-side chain groups in the loop regions occur more frequently around immature glycans than around mature glycans. These observations suggest that particular amino acid residues in the loop regions may modulate the glycan-protein interaction.
Further analysis was performed considering the length and branching point of the side chains (Figure 8 ). We here defined the amino acid types as follows: β-branched; Ile+Thr+Val, γ-branched; Asn+Asp+Leu, δ/ζ-branched; Arg+Gln+Glu, long-and-unbranched; Lys+Met, shortand-unbranched; Ala+Cys+Ser. The occurrence of γ-branched amino acids was relatively higher for the surfaces around immature glycans than for those around mature glycans (p < 0.05 for 500 and 1,500 Å 2 , p < 0.005 for 3,000, 5,000 Å 2 and the whole protein) ( Figure 8A ). In particular, the γ-branched side chain in loop regions was common proximal to immature compared with mature glycans ( Figure  8B ). The tendency was confirmed after dividing the group into each amino acid residue (Supplementary data, Figure S4 ). The data suggest that the γ-branched amino acids (Asn+Asp+Leu) surrounding the N-glycosylation site affect N-glycan processing and maturation through intramolecular glycan-protein interaction. So far the evidence that processing of N-glycans is determined by their physical accessibility arises from a site-specific N-glycosylation analysis of Sindbis virus glycoproteins, carboxypeptidase Y and invertase (Hsieh et al. 1983; Trimble et al. 1983; Hubbard 1988) . Furthermore, based on the structural analysis, a correlation was proposed between the relative accessibility of enzymes and degree of processing (Hang et al. 2015; Khatri et al. 2016) . Our results are consistent with a simple competition model, i.e., intramolecular glycan-protein interaction and intermolecular enzyme-glycan interaction compete with each other to determine the fate of N-glycan maturation. At this stage, it is unclear Fig. 7 . Comparison of immature and mature N-glycan data sets based on amino acid side chain structure. (A) Occurrence frequency analysis based on rough classification of amino acid residues into six redundant groups: "Short" represents total occurrence frequency from Ala, Asn, Asp, Cys, Ile, Leu, Ser, Thr and Val around N-glycans. "Long" is from Arg, Glu, Gln, Lys and Met. "Branched" is from Arg, Asn, Asp, Gln, Glu, Ile, Leu, Thr and Val. "Unbranched" is from Ala, Cys, Lys, Met and Ser. "Aromatic" is from His, Phe, Tyr and Trp. "Others" is from Pro, Gly and main chain atoms (N + Cα + C'). Total occurrence frequency is shown for each group. (B) Occurrence frequency analysis based on the above six amino acid groups in conjunction with secondary structure. For example, "Loop-short" means "short" amino acids which are located on loop structure. In (A) and (B), the results are shown using the box plot, and nonparametric Wilcoxon rank sum test was used to compare the immature and mature glycan data sets. Asterisks represent statistically significant difference (*; p < 0.05, **; p < 0.005).
why γ-branched amino acids in the loop region are biased to the immature glycan data set, but possibly their particular surfaces promote more intramolecular interaction through hydrogen bonding or hydrophobic interaction. We here focused on the protein surface and did not take into account other factors regulating N-glycan maturation, e.g., the number and density of N-glycans on the carrier protein. One interesting observation is that solvent-exposed Asn residues were significantly populated in proteins with immature glycans. If these were modified with N-glycans, the high density may limit accessibility of glycanprocessing enzymes. Alternatively, Asn-modified N-glycans may be involved in intrasubunit assembly or interact with other lectin-like proteins and thus inhibit processing. Further analysis is needed to resolve to these possibilities.
In summary, we conducted a protein surface analysis around N-glycosylation sites, and there appears to be a biased distribution of amino acid residues around immature N-glycans. We suggest that the bias reflects intramolecular glycan-protein interaction. Currently, the amount of nonredundant PDB data on glycoproteins is rather limited and we rely on the X-ray structures to reflect the 3D structure of the glycoprotein in the biological systems. Of more concern is that N-glycan processing in the ER is coupled with the protein folding process, but we can only examine the fully folded protein. In time larger structural data sets will become available, perhaps even of partially folded proteins, and there will be more structural information on processing enzymes, all of which will hopefully reinforce the trends we have seen and allow more definitive conclusions.
Materials and methods
Construction of initial data set from PDB
The coordinates of glycoproteins with immature or mature N-glycans were extracted from the PDB (as of 26 June 2015). The glycosidic linkage between sugar residues was identified by the following criterion: the distance between related atoms (carbon and oxygen), in which the distances between monosaccharide residues are ≤3 Å. Structures were rejected if the bond length between the nitrogen atom of Asn side chain and the anomeric carbon atom of GlcNAc residue was too long (>3.0 Å). To extract a glycoprotein, the data sets selected only "NDG" and "NAG" as N-acetylglucosamine and only "MAN" and "BMA" were accepted as mannose. Immature and mature N-glycans are classified by the primary glycan structure ( Figure 1A-D) (Gagneux et al. 2017 ). In the classification step, the glycoprotein expression system (mammals, plants and fungi) was considered, since the chemical structures of mature N-glycans differ among species. High-mannosetype glycan modified with core fucose was omitted from the data sets.
Protein clustering and representative of glycan
Our overall strategy to obtain a nonredundant data set is depicted in Figure 2 . Our initial data set derived from the PDB contained Occurrence frequency analysis based on classification of amino acid residues into five nonredundant groups: "β-Branched" is composed of Ile, Thr and Val, "γ-Branched" is Asn, Asp and Leu, "Long-branched" is Arg, Gln and Glu. "Short-unbranched" is Ala, Cys and Ser and "Long-unbranched" is Lys and Met. Total occurrence frequency is shown for each group. (B) Occurrence frequency of the five types in each secondary structure, α-helix, β-strand and loop. For example, "Loop-γ-Branched" is defined as the γ-branched amino acid residues (Asn, Asp and Leu) which are located in the loop region. In (A) and (B), the results are shown using the box plot, and nonparametric Wilcoxon rank sum test was used to compare the immature and mature glycan data sets. Asterisks represent statistically significant difference (*; p < 0.05, **; p < 0.005, ***; p < 0.0005).
identical or very closely related glycoproteins, which were crystallized in various conditions by different laboratories. To eliminate protein redundancy, the initial data set was clustered by the BLASTCLUST program (Altschul et al. 1997 ) with a sequence identity threshold of 30%. In addition, amino acid alignments of each protein cluster were performed to pick up any variable glycanlinked sequons as glycan clusters followed by selecting the representative N-glycan of each sequon. The criteria used for selection were the highest resolution of the glycoproteins and the maximal number of sugar residues of the sequons. If the asymmetric molecules had identical N-glycans, the priority for selection of a representative glycan was alphabetical order of chain ID. Since some immature glycans were derived from glycosylation deficient cells of Chinese hamster ovary (e.g., Lec 3.2.8.1) or kifunensine-treated cells, they could not be processed and were excluded.
Calculation of accessibility and occurrence frequency of amino acids and secondary structures Solvent accessible surface area (ASA) was calculated using the AREAIMOL program (CCP4 package, version 6.2), which simulates a spherical probe with a radius of 1.4 Å equivalent to that of water rolling over the surface of the atomic spheres (Winn et al. 2002) . When indicated, the probe radius was also set to 1.4, 3.0, 5.0 and 7.0 Å. Prior to calculation of Asn accessibility (Å 2 ), N-glycans and other ligands were removed from the coordinate data. ASA of each sugar residue in N-glycan was calculated similarly using the AREAIMOL program. In this calculation, the entire monosaccharide was measured. To compare different types of sugar residues, relative ASA (rASA) was introduced to normalize the ASA values. For this purpose, ASA of sugar residue was additionally calculated without polypeptide coordinate. Here, rASA was defined as:
Relative ASA (rASA) [%] = ASA (with polypeptide) / ASA (without polypeptide) × 100
Occurrence frequency of each amino acid was calculated based on the sum of ASA from the corresponding atoms with a probe radius of 1.4 Å. All calculations were performed on monomeric glycoproteins. Occurrence frequency of each secondary structure (α-helix and β-strand) was calculated in a similar way. The region forming each secondary structure was defined based on the description in each PDB file. The regions which are not categorized into α-helix or β-strand were defined as loop.
Identification of local protein surface
Extraction of protein surface was carried out using AREAIMOL, in which probe size was set to 1.4 or 3.0 Å. Atoms were labeled as surface-exposed when the ASA is larger than 0 Å 2 . A local surface for each N-glycosylation site was identified with the following algorithm:
• Exclude atoms with ASAs of 0 Å 2 .
• Select a glycan-modified nitrogen (Asn Nδ).
• Extract adjacent atoms whose distances are <7 Å from the selected nitrogen atom (the first round) or from the selected atom(s) (after the second round).
• Sort extracted atoms according to the distance from Asn Nδ.
• Add the ASA of each sorted atom to the total ASA.
• Select the newly added atoms.
• Repeat 3-6 until total ASA reaches the target area (500-5,000 Å 2 ).
ASA of glycan-modified Asn was not included into the total ASA. Alternatively, local protein surface was identified with the following approach based on the distance from the glycosylated Asn:
• Extract adjacent atoms whose distances are less than 10, 20 and 30 Å from the selected nitrogen atom.
Statistical tests
Nonparametric Wilcoxon rank sum test was applied for the two paired data sets (immature/mature) because the population cannot be assumed to be normally distributed. The results were shown using the box plot ( Figures 4D, 5-7 , Supplementary data, Figure S2 ), in which center lines show the medians and box limits indicate the 25th and 75th percentiles as determined by R software. Whiskers represent the minimum and the maximum of the data values (Spare style). The number of samples is 36 for immature glycans and 44 for mature glycans.
Supplementary data
Supplementary data are available at GLYCOBIOLOGY online.
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